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Tunable Microstrip Bandpass Filters With
Two Transmission Zeros

Lung-Hwa Hsieh, Sudent Member, |IEEE, and Kai Chang, Fellow, IEEE

Abstract—This paper presents an analytical technique for
positioning the locations of two transmission zerosfor amicrostrip
bandpass filter. In addition, this paper discusses how the tapping
positions of asymmetric feed lines affect the coupling between
resonators. Thebandpassfilter usestworesonatorswith twotrans-
mission zeros to obtain lower insertion loss than a conventional
cross-coupled microstrip filter. Also, by using four resonators, the
bandpass filter has better out-of-band rejection than the conven-
tional cross-coupled microstrip filter. Thefilter designs using four
cascaded resonators provide a sharp passband that can be tuned
using a piezoelectric transducer to change the effective dielectric
constant. The filters demonstrate high selectivity, compact size,
and can be used in many wireless communication systems.

Index Terms—Bandpass filters, hairpin, open-loop
piezodectric transducer (PET), transmission zeros.
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I. INTRODUCTION

HE characteristics of compact size, high selectivity, and

low insertion loss for modern microwavefiltersare highly
required in the next generation of mobile and satellite commu-
nication systems. To achieve the high-selectivity characteristic,
Levy introduced filters using a cross-coupled structure [1]. The
cross-coupling between nonadjacent resonators creates trans-
mission zeros that improve the skirt rejection of the microstrip
filters [2]. However, microstrip filters using the cross-coupled
structure need at least four resonators and show a high inser-
tion loss [2], [3]. Recently, microstrip bandpass filters were
proposed that used hairpin resonators with asymmetric input
and output feed lines tapping on the first and last resonators
to obtain two transmission zeros lying on either side of the
passband [3]. In comparison with the cross-coupled filter [2],
[3], the filter using two resonators shown in this paper can
also provide a sharp cutoff frequency response, but has lower
insertion loss due to less conductor losses and fewer cou-
pling gaps. However, [3] only shows a special case of two
hairpin resonators with two asymmetric feed lines tapped at
the center. Thus, the locations of two transmission zeros are
at the fundamental and higher odd mode resonances. Hairpin
filters with tunable transmission zeros using impedance trans-
formers tapped on the resonators were later reported in [4].
Furthermore, [3] did not discuss the variation in the coupling
between the resonators due to the placement of the tapping
positions of the asymmetric feed lines. The coupling conditions
between resonators are very important for a filter design.
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Fig. 1. Configuration of the filter using two hairpin resonators with
asymmetric tapping feed lines.

In this paper, asimple transmission-line model is used to cal-
culate thelocations of the two transmission zeros corresponding
to the tapping positions of the asymmetric and symmetric feed
lines. The coupling effects due to the tapping positions of the
asymmetric feed lines are also discussed. This model makes it
possible to accurately design cascaded bandpass filters to ob-
tain high selectivity and excellent out-of-band rejection. A filter
using four cascaded resonators shows a better rgjection than
the cross-coupled filters using four resonators. The measured
performance of the cascaded filter shows good agreement with
the new theory. Moreover, the passband tuning is demonstrated
using a piezoelectric transducer (PET).

1. ANALYSISOF FILTERSWITH ASYMMETRIC AND SYMMETRIC
TAPPING FEED LINES

Fig. 1 shows the configuration of the filter using two hairpin
resonators with asymmetric feed lines tapping the resonators.
The input and output feed lines divide the resonators into two
sections of I; and I. The total length of the resonator is! =
Iy + 12 = A\go/2, where A, isthe guided wavelength at funda-
mental resonance. The coupling between the two open ends of
the resonators is simply expressed by the gap capacitance C,
(31 [5].

Inspecting Fig. 1, the whole circuit represents a shunt circuit,
which consists of upper and lower sections. Each sectioniscom-
posed of 11, I3, and C,;. The ABC D matricesfor the upper and
lower sections of the lossless shunt circuit are

{A B} MM M. (1a)
= =)
¢ D upper e
{A B} Ms MM (1b)
¢ D lower o
with
M, — [ Cos,ﬁll 77, sin [311}
JyosinBly  cos Bly

o 1]
0 1
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Fig. 2. Measured results for different tapping positions with coupling gap
s1 = 0.35 mm.

and
cos Bl 170 8in Blo
JYyo sin Bl cos (s

where /3 is the propagation constant, z. = 1/jwC;,; is the
impedance of the gap capacitance Cs;, w is the angular fre-
quency, and z, = 1/y, is the characteristic impedance of the
resonator. The Y -parameters for this shunt circuit can be ob-
tained by adding the upper and the lower section Y -parameters,
which follow from (1a) and (1b), respectively. S»; of the cir-
cuit can then be calculated from the total Y -parameters and is
expressed as

Ms =

521
Jj4 <Zo sin 31— w> Yy,
wcsl
B » sin 3 3 p 5
{2 cos fBl+ Yo sin Bl +<zo sin Bl — w)%} »
Wwlhsy UJCSl
@)

where Y7, is the load admittance. Comparing (1) and (2) with
[3,(12), (13), and (16)] and [3, (12), (13), and (16)] only present
aspecial case of thetwo hairpin resonators with two asymmetric
feed lines tapped at the center. Equations (1) and (2) given here
are more genera for the asymmetric feed lines tapped at arbi-
trary positions on the resonators. The transmission zeros can be
found by letting S2; = 0, namely,

2o 8in Sl — cos Bly cos Bla fwCs = 0. 3
For asmall Cy1, (3) can be approximated as
cos By cos Bla = 0. (4)

Inspecting (4), it shows the relation between the transmission
zeros and the tapping positions. Substituting 5 = 27 f\/eci/c
into (4), the transmission zeros corresponding to the tapping
positions are

fl = 7’LC/411\/£§ and f2 = 7’LC/412\/Q (5)

where f isthefreguency, .1 isthe effective diel ectric constant,
n isthe mode number, ¢ isthe speed of light in free space, and
f1 and f, arethe frequencies of the two transmission zeros cor-
responding to the tapping positions of the lengths of /; and />
on the resonators. At the transmission zeros, S»; = 0 and there
is maximum rejection. Fig. 2 shows the measured results for

TABLE |
MEASURED AND CALCULATED RESULTS OF THE HAIRPIN RESONATORS FOR
DIFFERENT TAPPING POSITIONS

Calculations
f, =f,=2GHz
f,=1.79 GHz, f;=2.27GHz

Measurements
No passband at 2 GHz

f=18CGHz, f=225GHz

1~1,~12-14.43 mm

1=12.69 mm, /,=16.16 mm

/= 11.24 mm, [=17.61 mm f=168CGHz, f,=248GHz  f=1.64 GHz, f,=2.57GHz
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Fig. 3. Configuration of thefilter using two hairpin resonators with symmetric
tapping feed lines.

different tapping positions on the hairpin resonators in Fig. 1.
Thefilter was designed at the fundamental frequency of 2 GHz
and fabricated on an RT/Duroid 6010.2 substrate with a thick-
ness A = 25 mil and a relative dielectric constant ¢, = 10.2.
Table | shows the measured and cal culated results for the trans-
mission zeros corresponding to the different tapping positions.
Inspecting the results, the measurements agree well with the
calculations.

Fig. 3 shows the configuration of the filter using two hairpin
resonatorswith symmetric feed linestapping the resonators. The
ABCD matricesfor the upper and lower sections of thelossless
shun circuit are given by

A B
|: :| =M; MM, (Ga)
C
upper
[A B} = M3 Mo M. (6b)
¢ D lower Coe

Also, by using the same operations as above, S»; of the circuit
can be obtained as
2MNYT,

521 = (P+ MY7)2— N2

)
where
M= zf cos? Bly cos? Bl — zf sin 2311 sin 2315
4 922,72 sin Bl cos Bl; cos Bls,
N :zc(cos2 Bli + cos? Bla)

+ 2z, (sin Bl cos Bl; + sin Bls cos Bla),
and
P = z.(cos® Bl + cos® Bly — 2sin? Bl)

+ jsin Bl(2z, cos Bl 4 22y, cos Bl1 cos Bla).

Observing (7), it is not easy to inspect the value of S,; to
find any transmission zero. To investigate the results in (7),
a filter tapped by the symmetric feed lines with lengths of
Iy = 12.56 mmand, = 16.56 mmisused. AsshowninFig. 4,
the calculated results agree well with the measured results.
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Fig. 4. Measured and calculated results for the filter using symmetric tapping
feed lines with coupling gap s; = 0.35 mm.
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Fig. 5. Layout of the filter using two open-loop ring resonators with
asymmetric tapping feed lines.

Also, in Fig. 4, there is no transmission zero, which implies
So1 # 0 in (7). Comparing with the asymmetric tapping
feed-line structure in Fig. 1, the filter that uses the symmetric
tapping feed lines shows a Chebyshev frequency response.

[11. COMPACT SIZE FILTERS
A. Filters Using Two Open-Loop Ring Resonators

Fig. 5 shows the filter using two open-loop ring resonators
[6]. Thistype of resonator with two folded armsis more compact
than the filter in Fig. 1. Thisfilter has the same dimensions as
thefilter in Fig. 1, except for the two additional 45° chamfered
bends and the coupling gap ¢ = 0.5 mm between the two open
ends of the ring.

Fig. 6 showsthe measured resultsfor the different tapping po-
sitions on the rings. The measured locations of the transmission
zerosarelisted in Tablell. Compared with Tablel, thelocations
of thetransmission zeros of thefilters using open-loop ringsare
very close to those of the filters using hairpin resonators. This
implies that the coupling effects between the two rings and the
effects of two additional 45° chamfered bends only dightly af-
fect the locations of the two transmission zeros. Thus, (5) can
also be used to predict the locations of the transmission zeros of
the filters using open-loop rings.

Observing the measured resultsin Figs. 2 and 6, the tapping
positions also affect the couplings between two resonators. The
caseof [; = 12.69 mmand I = 16.16 mm in Fig. 6 shows

|IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 2, FEBRUARY 2003

or ——== L =L=1/2= 1443mm
—_— = 12.69mm, , = 16.16 mm
= .10}
m - —=O== [ = 11.24 mm, {, = 17.61 mm
Z
sonk H VR e i
w-200 ] e
)
°
2 -30[
c
g
= -40 h
-50 7
L L L L

1.5
Frequency (GHz)

1.0 2.0 25

Fig. 6. Measured results for different tapping positions with coupling gap
s1 = 0.35 mm.

TABLE I
MEASURED RESULTS OF THE OPEN-LOOP RING RESONATORS FOR
DIFFERENT TAPPING POSITIONS

Measurements

1 =1,=l/2=14.43 mm No passband at 2 GHz

/i~ 183GHz, f,=2.24GHz

[=12.69 mm, [,=16.16 mm

l=1124mm, [~ 17.61mm f=169GHz, f=2.5GHz

an overcoupled condition [7], [8], which has a hump within the
passband. The overcoupled condition is given by

K > 1/Q'u, + 1/Qext (8)
where K is the coupling coefficient, 2,, is the unloaded @@ of
either of the two resonators, and Q. is the externa Q. The

coupling condition of thefilter can be found using the measured
K, Q,,and Q. [6], [9], [10]. The measured K is

fo2 = I

K =
2+ Ih

)

where f,» and f,; are the high and low resonant frequencies.
The measured external (2 is given by
Qext = fo/Af:l:90° (10)
where A f1q9- is the bandwidth about the resonant frequency
over which the phase varies from —90° to +90°. Also, the
expression for the measured unloaded ¢ can be found in [10].
Fig. 5 shows the tapping positions at a distance d from the
center of the resonators to the input and output ports. When d
becomes shorter or the tapping position moves toward to the
center, the external 2 becomes larger [11]. The larger external
@ alows the filter to approach the overcoupled condition in
(9), causing a hump within the passband. In addition, observing
(5) and (8), for a shorter d, the two transmission zeros appear
close to the passband, providing a high selectivity nearby the
passband. However, this may easily induce an overcoupled
condition. Beyond the coupling effects caused by the tapping
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Fig. 7. Measured results of the open-loop ring resonators for the case of
tapping positionsof /; = 11.24 mmand l, = 17.61 mm.

positions, the coupling gap s; aso influences the couplings
between two resonators [6]. Therefore, to avoid overcoupling,
the proper tapping positions and gap size should be carefully
chosen.

Fig. 7 shows the measured results of the filter for the case
of Iy = 11.24 mm and I = 17.61 mm. This filter with K =
0.02 < 1/Q., +1/Qext = 1/130 + 1/15.4 shows an under-
coupled condition [7], [8], which does not have a hump in the
passhand. Thefilter hasaninsertionlossof 0.95dB at 2.02 GHz,
areturn loss of greater than 20 dB from 1.98 to 2.06 GHz, and
two transmission zeros at 1.69 GHz with —50.7 dB rejection
and 2.5 GHz with —45.5 dB rejection, respectively. The 3-dB
fractional bandwidth of thefilter is 10.4%. Comparing with the
insertion losses of the cross-coupling filters at similar funda
mental resonant frequencies (2.8 dB in [3] and 2.2 dB in [6]),
thefilter in Fig. 7 has alower insertion loss of 0.95 dB.

B. Filters Using Four Cascaded Open-Loop Ring Resonators

The filter using cascaded resonators is shown in Fig. 8.
The filter uses the same dimensions as the open-loop ring
in Fig. 5 with the tapping positions of /; = 11.24 mm and
l; = 17.61 mm at the first and last resonators. Also, the offset
distance d; between rings 2 and 3 is designed for asymmetric
feeding between rings 1, 2 and rings 3, 4 to maintain the sharp
cutoff frequency response. Therefore, the positions of the two
transmission zeros of the filter can be predicted around 1.69
and 2.5 GHz, respectively. The coupling gap size between
rings is s2. The coupling gap s = 0.5 mm and the offset
distance d; = 2.88 mm are optimized by electromagnetic (EM)
simulationt to avoid the overcoupled condition.

The measured external @ and the mutual coupling M can be
caculated from (9) and (10), and they are Q... = 15.4 and

0 —0.037 0 0
M= —0.037 0 0.035 0

0 0.035 0 —0.037

0 0 —0.037 0

where the negative sign in coupling matrix isfor electrical cou-
pling [6]. Fig. 9 shows the simulated and measured results. The

1E3D ver. 6.1, Zeland Software Inc., Fremont, CA, Aug. 1998.
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Fig. 8. Configuration of the filter using four cascaded open-loop ring
resonators.
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Fig. 9. Measured and simulated results of the filter using four cascaded
open-loop ring resonators.
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Fig. 10. Configuration of the tunable bandpass filter. (@) Top view.
(b) Three-dimensional view.

filter has a fractional 3-dB bandwidth of 6.25%. The insertion
loss is 2.75 dB at 2 GHz, and the return loss is greater than
13.5 dB within 1.95-2.05 GHz. The out-of-band rejection is
better than 50 dB extended to 1 and 3 GHz and beyond.

C. Filters Tuning by a PET

Electronically tunable filters have many applications in
transmitters and receivers. As shown in Fig. 10, the tunable
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Fig. 11. Measured results of the tunable bandpass filter with a perturber of
g, = 10.8 and h = 50 mil.

filter circuit consists of the filter using cascaded resonators, a
PET, and an attached dielectric perturber [12] above the filter.
The PET is a composition of lead, zirconate, and titanate [13].
The PET shown in Fig. 10 consists of two piezoelectric layers
and one shim layer. The center shim laminated between the
two same polarization piezoelectric layers adds mechanical
strength and stiffness. Also, the shim is connected to one
polarity of a dc voltage to deflect the PET and move it up or
down vertically. The PET can be deflected over +£1.325 mm
a +90 V.

Inspecting the structure in Fig. 10, when the perturber
moves up or down, the effective dielectric constant of the
filter is decreasing or increasing [14], respectively, alowing
the passband of the filter to shift toward the higher or lower
frequencies. Fig. 11 shows the measured results for the tuning
range of the passband. With the maximum applied voltage
of 90 V and a perturber of dielectric constant £, = 10.8
and thickness & = 50 mil, the tuning range of the filter is
6.5%. The small tuning range can be increased by using a
higher dielectric constant perturber. The 3-dB bandwidths of
the filters with and without PET tuning are 130 and 125 MHz,
respectively. This shows that the PET tuning has little effect
on bandwidth. The size of the PET is 70 mm x 32 mm x
0.635 mm. The overall size of the filter including the perturber
and PET is 90 mm x 50 mm x 3.85 mm.

IV. CONCLUSIONS

A simple transmission-line model has been used to calculate
thelocations of two transmission zerosto design high-sel ectivity
microstrip bandpass filters. In addition, the coupling effects
due to the tapping positions of the asymmetric feed lines have
been discussed. The filter using two open-loop ring resonators
with two transmission zeros has shown lower insertion loss
than a cross-coupled filter. Also, the filter using four cascaded
resonators has shown a better rejection than a cross-coupled
filter using four resonators. Moreover, aPPET is used to vary the
effective dielectric constant of the filter to tune the passband
of the filter. These compact size and high-selectivity bandpass
filters should be useful for wireless and satellite communication
systems.
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